The observations that the cannabinoid 1 (CB 1 ) receptor antagonist/inverse agonist, rimonabant, and the selective noncompetitive inhibitor of acetylcholinesterase (AChE), donepezil, improve performance in a variety of animal memory models, suggest that these neurochemical systems play integral roles in cognition. The present study tested whether each of these agents administered alone or in combination will prolong the duration of spatial memory. Rats were trained in a two-phase radial-arm maze procedure, consisting of acquisition and retrieval tests, which were separated by an 18 h delay. Each drug was administered 30 min before the acquisition phase, immediately after the acquisition phase, or 30 min before the retrieval test to assess acquisition/consolidation, consolidation, and retrieval mnemonic processes, respectively. Rimonabant or donepezil administered before the acquisition phase, but not immediately after acquisition or before retrieval, led to a significant decrease in the number of errors committed during the retrieval test. Combined administration of subthreshold doses of rimonabant and donepezil that had no discernable effects on performance when given alone, enhanced memory.
INTRODUCTION
The centrally occurring endocannabinoid system consists of the G-protein coupled receptor cannabinoid 1 (CB 1 ) (Matsuda et al, 1990) and endogenous ligands, anandamide (Devane et al, 1992) and 2-arachidonyl glycerol (2-AG) (Mechoulam et al, 1995; Sugiura et al, 1995) , that bind to and activate these receptors. The high concentration of CB 1 receptors (Herkenham et al, 1991) and the presence of anandamide and 2-AG in the hippocampus and other forebrain regions associated with memory function (Felder et al, 1996; Di Marzo et al, 2000) are consistent with the notion that the endocannabinoid system modulates cognitive processes. Administration of the CB 1 receptor antagonist rimonabant (SR 141716) (Rinaldi-Carmona et al, 1995) has been reported to enhance memory in delayed radialarm maze tasks (Lichtman, 2000; Wolff and Leander, 2003) , a social recognition memory paradigm (Terranova et al, 1996) , and an elevated T-maze task (Takahata et al, 2005) . Interestingly, intrahippocampal administration of rimonabant in food-storing birds enhanced memory for the location of a hidden food reward (Shiflett et al, 2004) . Additionally, CB 1 receptor knockout mice performed better than wild-type control mice in a two-trial object recognition task (Reibaud et al, 1999) . These findings taken together suggest that the CB 1 receptor antagonist rimonabant may enhance mnemonic processes.
The central cholinergic system has long been known to play a key role in learning and memory. Cholinergic neurons degenerate in patients with Alzheimer's disease as well as senile dementia, and, importantly, the degree of degeneration highly correlates with functional loss in these disorders (Davies and Maloney, 1976; Perry et al, 1978a, b) . Clinical trials revealed that donepezil (Aricept, previously E2020, Pfizer), a selective noncompetitive inhibitor of acetylcholinesterase (AChE; see Sugimoto et al (2002) for a review), had cognitive benefits in Alzheimer's disease patients afflicted with mild to moderate degrees of dementia (Mintzer and Kershaw, 2003) . Presently donepezil is used to treat cognitive deficits associated with Alzheimer's disease (Rogers and Friedhoff, 1998; Doody, 1999; Grutzendler and Morris, 2001) . Additionally, this drug has been found to reverse memory deficits in variety of rodent models of learning and memory. Donepezil reversed scopolamineinduced impairments in spontaneous alternation in the Tmaze in young and aged mice as well as in a delayed nonmatch to place task in the radial-arm maze (Bontempi et al, 2003) . Repeated administration of donepezil improved the memory performance of aged rats in the Morris water maze (Hernandez et al, 2006) and reversed amyloid b-induced memory impairments in a delayed matching to position paradigm (Yamada et al, 2005) . Additionally, this agent reversed learning impairments in the passive avoidance task induced by lesions in the nucleus basalis magnocellularis and scopolamine (Cheng et al, 1996; Ogura et al, 2000) , and ethylcholine mustard aziridinium ion (AF64A) (Cheng and Tang, 1998) induced impairments in eight-arm radial maze tasks (Braida et al, 1996) .
Although there is evidence demonstrating that rimonabant or donepezil enhances performance in rodent models of learning and memory and that the cannabinoid and cholinergic receptor systems have important roles in learning and memory, no study has examined whether coadministration of these drugs would further enhance memory. Therefore, the main goal of the present study was to determine whether concomitant administration of inactive doses of rimonabant and donepezil would enhance memory as assessed in a rat radial-arm maze delay paradigm. The task employed a two-phase procedure, acquisition, and test phases, which were separated by an 18 h delay in order to increase the task difficulty. The doseresponse relationship of each drug administered 30 min before the acquisition phase was evaluated. In addition, each drug was given immediately after the acquisition phase or 30 min before retrieval testing to infer whether these compounds influenced consolidation and retrieval processes, respectively. Finally, inactive doses of these drugs were given in combination to determine whether they would enhance memory performance.
MATERIALS AND METHODS

Subjects
The subjects consisted of two groups of Sprague-Dawley (Harlan, IN) male rats that were between 3 and 11 months of age. The animals were individually housed in a temperature-controlled (20-221C) environment, with a 12 h light/dark cycle. Subjects were placed on a foodrestricted diet in order to maintain a weight between 280 and 320 g, approximately 85% of their free-feeding weight. Each rat was given between 12 and 16 g of food rations/day, and water was available ad libitum at all times except during the training and test sessions. All experiments were approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.
Drugs
Rimonabant (National Institute on Drug Abuse, Rockville, MD) and donepezil (gift from Pfizer, Inc., Groton, CT) were dissolved in a 1:1 mixture of absolute ethanol and alkamuls-620 (Rhone-Poulenc, Princeton, NJ), and diluted with saline in a final ratio of 1:1:18 (ethanol/alkamuls/saline). All injections were given through the i.p. route of administration in a volume of 1 ml/kg.
Apparatus and Training
The initial radial-arm maze training procedures were identical to that previously described (Lichtman and Martin, 1996; Lichtman, 2000) . Each of the eight arms was baited with a 45 mg rodent formula, dustless precision pellets (Bioserve, Frenchtown, NJ) placed 5 cm from the end. After a subject visited each arm and obtained all the food pellets, with one or no re-entries into a previously visited arm in three consecutive sessions, it was trained in a repeated acquisition version of the task that incorporated acquisition and retrieval test phases. During the acquisition phase, one of the arms was randomly selected and a Plexiglas barricade blocked its entryway. Each of the remaining seven arms was baited with a food pellet before the subject's placement in the maze. After the subject entered the seven available arms and consumed all the food pellets, it was removed from the maze and returned to its home cage. While undergoing training, the subject returned to the maze for the test phase 10 min after the acquisition phase. During the test phase, all eight arms were available; however, only the previously blocked arm was baited with a food pellet. The number of entries and the duration of time required for each subject to enter the seven available arms and consume the food pellet(s) were recorded for each phase. Subjects qualified for drug testing once they committed one or no errors in both the acquisition and test phases on three consecutive sessions. Subjects were given a maximum of two tests/week.
An initial experiment evaluated the relationship between the duration of the delay and performance during the retrieval test. Subjects were given repeated acquisition training and given delays of various durations (ie 10 min, 1, 2, 6, or 18 h) before the retrieval test. Based on the results of this initial study, all subsequent experiments imposed an 18 h delay between the two phases in order to optimize the likelihood of detecting a drug-induced enhancement in performance.
In Experiment 2, we evaluated the effects of rimonabant (0.3, 1, and 3 mg/kg) and donepezil (0.1, 0.3, and 1 mg/kg) given 20 min before the acquisition phase on performance. The dose range selected for each drug was based on previous studies (Cheng et al, 1996; Lichtman and Martin, 1996; Cheng and Tang, 1998; Lichtman, 2000; Ogura et al, 2000; Tokita et al, 2002; Bontempi et al, 2003; Wolff and Leander, 2003) that demonstrated performance-enhancing effects in memory tests.
In the third experiment, we assessed the effects of rimonabant (1 mg/kg) or donepezil (0.3 mg/kg) given either immediately after acquisition or 30 min before the retrieval test. These respective doses were selected based on the observation of each significantly enhanced performance in the second experiment.
In the final experiment, a combination of subthreshold doses of rimonabant (0.3 mg/kg) and donepezil (0.1 mg/kg) were given 20 min before the acquisition phase. When combination doses were tested, donepezil or vehicle was administered approximately 2 min before either rimonabant or vehicle. The treatments in each experiment were counterbalanced to control for any order effects.
Statistical Analysis
An observer scored the number of correct responses and errors (ie entries into unbaited arms) committed by each rat and the amount of time taken to obtain all the available food pellets for each phase. The dependent measures of interest were the number of errors committed and the time required for each rat to complete each phase of the task. Withinsubject analysis of variances (ANOVAs) were used to analyze each dependent measure. Dunnett's post hoc test was used in each of the dose-response studies to analyze differences between vehicle and each dose of drug. The Tukey-Kramer post hoc test was used to analyze differences in the drug interaction experiment. Differences were considered significant at the po0.05 level.
RESULTS
The Effects of Varying Delays on Test Phase Performance
As shown in Figure 1 , increasing the delay duration between the two phases led to a significant decrease in choice accuracy during the retrieval test, F(4, 68) ¼ 17.4, po0.01. The subjects committed significantly more errors following delays of 2, 6, and 18 h than the number of errors made following the 10 min delay (po0.01). Performance was virtually perfect during the acquisition phase, as subjects rarely made any errors and therefore is not shown here or in subsequent experiments. The rate of arm entry was approximately 10 s/arm and was unaffected by increasing delays, F(4, 68) ¼ 1.0, p40.05 (data not shown). Based on these results, an 18 h delay was selected for subsequent studies to ensure that the task was sufficiently difficult to observe drug-induced improvements in the retrieval test phase.
Rimonabant or Donepezil Enhances Memory
We have previously found that a single dose of rimonabant (3 mg/kg) enhanced performance in the radial-arm maze delay paradigm when given before acquisition, but not when administered immediately after acquisition or before retrieval (Lichtman, 2000) . However, in an adapted version of this task, Wolff and Leander (2003) found that rimonabant given immediately after acquisition enhanced performance during the retrieval test. Therefore, in these series of experiments we sought to investigate further the efficacy of rimonabant in this task given before acquisition, immediately after acquisition, or before retrieval testing, as well as to establish its dose-response relationship. Additionally, we evaluated donepezil in a similar series of experiments. Rimonabant (Figure 2a In subsequent experiments, we evaluated the impact of injecting effective doses of rimonabant (1.0 mg/kg) or donepezil (0.3 mg/kg), immediately following the acquisition phase or 20 min before the retrieval test phase to determine if these compounds influenced consolidation and memory retrieval process, respectively. As shown in Figure 3 , when given either immediately after acquisition or 30 min before retrieval testing, neither compound enhanced performance during the Phase 2 retrieval test.
Concomitant Administration of Rimonabant and Donepezil Enhances Memory
Given the observations that rimonabant as well as donepezil administered 20 min before acquisition significantly improved choice accuracy during the retrieval test 18 h later, we examined whether combined administration of these drugs would augment each other's memory-enhancing effects. We first re-evaluated single doses of rimonabant (0, 0.3, and 1.0) and donepezil (0, 0.1, and 0.3 mg/kg) given alone, as previously shown in Figure 2 . Rimonabant reduced the number of errors committed in the retrieval phase, F(2, 16) ¼ 7.9, po0.01, with the 1.0 mg/kg dose (po0.01), but not the 0.3 mg/kg dose, eliciting significantly fewer errors than that produced by the vehicle treatment (data not shown). Similarly, donepezil reduced the number of errors committed in the retrieval phase, F(2, 16) ¼ 8.5, po0.01, with the 0.3 mg/kg dose (po0.01), but not the 0.1 mg/kg, dose, improving performance compared to the vehicle treatment (data not shown). Based on these findings and the data depicted in Figure 2 , subthreshold doses of rimonabant (0.3 mg/kg) and donepezil (0.1 mg/kg) were selected in which subjects received the following four treatments in a randomized order: (1) vehicle-vehicle, (2) donepezilvehicle, (3) rimonabant-vehicle, and (4) donepezil-rimonabant. The subjects were then given acquisition training 20 min after the injections and were evaluated for choice accuracy in the 18 h retrieval test. As shown in Figure 4 , a significant effect was found, F(3, 39) ¼ 7.0, po0.01, with the donepezil-rimonabant treatment resulting in fewer errors than each of the other conditions.
DISCUSSION
In the present study, we make the novel observation that coadministration of subthreshold doses of the CB 1 receptor antagonist rimonabant (0.3 mg/kg) and the AChE inhibitor donepezil (0.1 mg/kg) significantly enhances memory as assessed in a rat delay radial-arm maze task. Importantly, the dose of each drug that enhanced memory when given in combination failed to produce any significant effects in this model when given separately. Higher doses of rimonabant and donepezil given alone improved performance when administered before the acquisition phase. However, these doses of rimonabant and donepezil that enhanced performance when administered before the acquisition phase failed to enhance performance when administered immediately after the acquisition phase or 30 min before the retrieval test. These results indicate that rimonabant and donepezil improve memory by their actions on acquisition processes rather than on retrieval processes. The observation that inactive doses of rimonabant and donepezil given together enhanced memory suggests the possibility that duel CB 1 antagonism and AChE inhibition may effectively enhance memory in patients suffering from dementia or other cognitive disorders. With respect to the memoryenhancing effects of combined administration of donepezil and rimonabant, it will be important to determine the duration of action, the long-term consequences after chronic treatment, and the relevance of these effects to humans.
Inserting an 18 h delay between the acquisition and retrieval test phases increased task difficulty sufficiently to detect drug-induced enhancement in memory. The possibility that the drug-induced improvements in radial-arm maze performance were due to changes in motivation or locomotor effects, rather than a specific effect on mnemonic processes, is an important consideration. However, the doses of rimonabant and donepezil tested did not affect the rate of entry into the arms and, regardless of drug condition, the subjects always consumed the food pellet. Thus, it is unlikely that the performance-enhancing effects observed here are due to increased salience of the food reward or altered locomotor activity.
The finding that rimonabant enhanced memory when administered before the acquisition phase, but not when administered immediately after the acquisition phase or 20 min before the test phase is consistent with previous findings from our laboratory (Lichtman, 2000) . Using a different version of the radial-arm task in which four arms were blocked, Wolff and Leander (2003) found that 1 mg/kg rimonabant suspended in a different vehicle (ie 15% cyclodextrin and tween 80) than used in the present study given immediately after the acquisition phase, but not before the test phase, enhanced performance during the retrieval test. Rimonabant has also been demonstrated to enhance performance in a rodent social recognition memory task, as well as attenuate deficits in aged mice and rats in this same task when administered 5 min after acquisition (Terranova et al, 1996) . Similarly, avoidance behavior in an elevated T-maze task in mice was enhanced when rimonabant was administered before or immediately after the acquisition phase, but not before the test phase (Takahashi et al, 2005) . Additionally, intrahippocampal administration of rimonabant given before training enhanced memory of food-storing birds for the location of a hidden food reward (Shiflett et al, 2004) . In contrast to the present findings and the studies previously discussed (Terranova et al, 1996; Lichtman, 2000; Wolff and Leander, 2003; Shiflett et al, 2004; Takahashi et al, 2005) , rimonabant failed to improve memory in a variety of operant tasks (Mansbach et al, 1996; Brodkin and Moerschbaecher, 1997; Mallet and Beninger, 1998; Hampson and Deadwyler, 2000) suggesting that rimonabant may enhance memory that persists for longer periods of time (eg minutes or hours) rather than memory that persists for shorter durations (eg seconds). Clearly, the effectiveness of rimonabant in enhancing performance in memory tests is dependent on a range of factors including specific aspects related to the task and the choice of vehicle. In the present study, rimonabant did not enhance performance when administered immediately after the acquisition phase, suggesting that it does not affect consolidation processes. However, given that the time course of consolidation is unknown, it is possible that the drug administered after training reached the site of action sometime after the consolidation period was complete. Thus, the possibility that this compound affects consolidation cannot be ruled out. Nonetheless, these reports taken together suggest that rimonabant improves memory by enhancing acquisition processes, rather than retrieval processes.
There is a growing body of evidence suggesting that endocannabinoids play a facilitory role in extinction processes. Several studies have demonstrated that disruption of CB 1 receptor signaling, through either the administration of receptor antagonists or genetic deletion of this receptor, impairs extinction in conditioned freezing and Morris water maze tasks (Marsicano et al, 2002; Suzuki et al, 2004; Varvel et al, 2005) . In these paradigms, the CB 1 receptor impaired animals exhibited similar behavior as control animals in acquisition. Curiously, intrahippocampal administration of very low doses of AM251, a structurally similar analog of rimonabant, disrupted passive avoidance learning, but had no effect on a nonaversive open field habituation task (de Oliveira Alvares et al, 2005) when administered immediately after training. Although differences in the paradigms used to assess memory in these studies, such as aversive vs food-motivated tasks, may account for discrepancies in these findings as compared to the present findings, these distinctions indicate the need to elucidate further the role of the endocannabinoid system, as well as CB 1 receptor antagonists in different models of memory.
In the present study, donepezil improved memory performance in the radial-arm maze and yielded a similar pattern of results as rimonabant. Both drugs enhanced memory in the radial-arm maze task when given 20 min before acquisition, but had no effects when administered either immediately after acquisition or 30 min before the test phase. These findings are similar to a report that donepezil improved memory in a passive avoidance task in young rats when administered before the acquisition phase (Carey et al, 2001) . Moreover, these findings are consistent with observations that donepezil improves attention or acquisition processes in patients with Alzheimer's disease (Sahakian and Coull, 1993) and reports that the cholinergic system is involved in attentional processes (Voytko et al, 1994; Muir, 1997; Muir et al, 1999) . Several studies have reported that donepezil has no effect or impairs performance in healthy rodents, but that it reverses deficits induced pharmacologically or by brain lesions (Rupniak et al, 1997; Poorheidari et al, 1998; Higgins et al, 2002; Bontempi et al, 2003; Takahashi et al, 2005; Yamada et al, 2005) . Donepezil also improves performance of aged rats and mice in the Morris water maze (Hernandez et al, 2006) , as well as in spontaneous alternation in the T-maze and in a delayed nonmatch to place task in the radial-arm maze (Bontempi et al, 2003) . Additionally, there are reports of donepezil reversing memory deficits induced pharmacologically or by lesions in the radial-arm maze (Braida et al, 1996; Cheng et al, 1996; Cheng and Tang, 1998; Ogura et al, 2000) . However, in these studies the effects of donepezil administered alone was not evaluated. Thus, the delay radial-arm procedure used here is unique in that it is the only example of which we are aware that donepezil improves memory in healthy animals.
Combination drug therapy to improve both cognition and the myriad of symptoms associated with Alzheimer's disease has gained attention in recent years. Beneficial effects have been reported in preclinical models in which donepezil was administered in combination with other putative cognitive enhancers. Concomitant administration of donepezil and selegiline, a monoamine oxidase-B inhibitor, reversed memory deficits in the Morris water maze induced by the administration of scopolamine or p-chlorophenylalanine at doses of these agents not found to reverse memory deficits when given alone (Takahata et al, 2005) . Administration of donepezil and FK960, a putative cognitive enhancer of piperazine derivation that is thought to enhance somatostatin release in the hippocampus, at doses found to have no effect when given alone improved learning impairments in a passive avoidance task induced by lesions of the nucleus basalis magnocellularis (Tokita et al, 2002) . Additionally, repeated coadministration of donepezil and lercanidipine, an L-type calcium channel blocker, improved memory impairments induced from intracerebroventicular administration of streptozotocin to a greater extent than either drug administered alone in the elevated plus maze and in a passive avoidance task (Sonkusare et al, 2005) . The notion that combination therapy may be beneficial in patients with Alzheimer's disease is supported by clinical research. Alzheimer's disease patients treated with memantine and donepezil displayed significantly better outcomes than patients given donepezil alone (Tariot et al, 2004) . Additionally, patients treated with memantine and rivastigmine, a dual inhibitor of AChE and BuChE, showed improvements in some cognitive domains compared to when rivastigmine was given alone (Dantoine et al, 2006) .
A particular advantage of combination drug therapy is that it offers the prospect of additive or synergistic benefits and the potential to decrease doses of agents that cause unwanted side effects. Alternatively, this pharmacological strategy may be limited because side effects may be more pronounced by combined treatment than by single-drug therapy. Side effects associated with donepezil include nausea, diarrhea, and dizziness (Nordberg and Svensson, 1998; Rogers and Friedhoff, 1998) . Likewise, rimonabant has been reported to produce nausea, diarrhea, headache, arthralgia, dizziness, depression, insomnia, and anxiety (Despres et al, 2005; Van Gaal et al, 2005) . Although the occurrence of the side effects associated with each of these drugs decreases in frequency at lower doses, the impact of combined drug therapy on these effects is yet to be evaluated. Of consequence, no signs of toxicity or other overt behavioral effects were observed with either drug when administered alone or in combination at subthreshold doses, although it should be noted that the present study was not optimized to assess potential side effects. Nonetheless, it will be important to characterize the side effect profile of combination donepezil and rimonabant therapy, as well as to determine whether any of these potential interactions are relevant to humans.
The mechanism underlying the cognitive-enhancing effects of combined administration of rimonabant and donepezil in the present study is unknown. Because we only examined a single dose of each drug in combination, the nature of the interaction (ie additive or synergistic) is unclear. Certainly, this effect may not be limited to the specific agents tested, as other AChE inhibitors administered in combination with rimonabant or other CB 1 receptor antagonists would also be expected to enhance memory duration. However, one likely possibility for the interaction between these two drugs is through cholinergic systems. Specifically, donepezil's inhibition of cholinesterase leads to increased acetylcholine levels in the synaptic cleft (Giacobini et al, 1996; Kosasa et al, 1999) and rimonabant increases acetylcholine release in the hippocampus (Gifford and Ashby, 1996; Gessa et al, 1997; Gifford et al, 1997a Gifford et al, , b, 2000 .
Although the combination of subthreshold doses of rimonabant and donepezil may have strengthened memory by enhancing acetylcholine transmission, both drugs also have effects on other neurochemical systems. Specifically, it has been suggested that mechanisms other than enhancement of cholinergic function may be involved in the pharmacology of donepezil efficacy in improving cognition (Narahashi et al, 2004; Moriguchi et al, 2005) . Systemic administration of donepezil has been found to increase levels of norepinephrine, dopamine, and serotonin, in addition to its effects on acetylcholine (Cuadra et al, 1994; Giacobini et al, 1996; Shearman et al, 2006) . Donepezil also has been shown to potentiate NMDAinduced currents in multipolar and bipolar neurons (Moriguchi et al, 2005) , as well as to produce NMDA receptor blockade and have agonist-like activity at sigma receptors (Maurice et al, 2006) . Rimonabant is thought to produce its effects by either antagonizing a tonically active endogenous cannabinoid system or through its actions as an inverse agonist (Landsman et al, 1997) . One of the primary effects of cannabinoid agonists in the hippocampus, as well as other brain regions, is to inhibit neurotransmitter release; thus, it is not surprising that rimonabant increases not only acetylcholine release (Gifford and Ashby, 1996; Gessa et al, 1997; Gifford et al, 1997b Gifford et al, , 2000 , but also increases glutamatergic transmission (Auclair et al, 2000; Melis et al, 2004) . There is a need to elucidate the specific mechanisms underlying the interaction between donepezil and rimonabant in future studies.
In conclusion, the present study demonstrates that the specific antagonist of the CB 1 receptor, rimonabant, and the selective noncompetitive inhibitor of AChE, donepezil, have memory enhancing effects in a delay task in the radial-arm maze. Each of these drugs improves memory by acting on acquisition processes, rather than retrieval processes. A key finding was that subthreshold doses of a combination of rimonabant and donepezil enhanced performance in this task. Taken together, these findings suggest that low doses of CB 1 receptor antagonists and AChE inhibitors given in combination may optimize the beneficial therapeutic actions in patients with dementia or other cognitive disorders.
